Objective: We hypothesized that prepulse modulation (PPM) would be altered in trigeminal neuralgia (TN) if suprasegmental inhibitory network involvement was present and tested our hypothesis in a group of patients with classical TN. Methods: The study enrolled nine consecutive patients with classical TN and 14 healthy subjects. Diagnosis and classification followed the International Classification of Headache Disorders-third edition (beta version). The blink reflex (BR) and BR-PPM were recorded. Ipsilateral recordings were made after stimulating each trigeminal nerve in the patient group whereas right-sided recordings were performed after stimulating the right trigeminal nerve in the healthy subjects. A conditioning electrical stimulus was applied to the ipsilateral median nerve at interstimulus intervals (ISIs) of 50 and 100 ms before the test stimulus to the supraorbital nerve. Results: The unconditioned BR recordings were similar in all groups. In the healthy subjects, the prepulse stimulus resulted in a reduced R2 magnitude (p = 0.000, Friedman's test) and longer R2 latency (p = 0.008, Friedman's test) at ISIs of 50 and 100 ms in comparison with unconditioned recordings. The R2 latency differed significantly between the unconditioned recordings and the ISI of 100 ms. In the patients with TN, no significant change was observed on either the symptomatic or asymptomatic sides. Conclusions: There is a bilateral prepulse inhibition deficit in TN, even on the asymptomatic side. Our findings provide electrophysiological evidence for suprasegmental changes and loss of filtering activity at the brainstem in level TN.
Introduction
The International Classification of Headache Disorders, third edition, beta version (IHS, 2013) , defines trigeminal neuralgia (TN) as recurrent, unilateral, brief, electric shock-like pain episodes that are abrupt in onset and termination. These shocks are limited to the distribution of one or more divisions of the trigeminal nerve. There are two subtypes: classical TN and painful trigeminal neuropathy. Classical TN may be either purely paroxysmal or may occur with concomitant persistent facial pain.
Patients report that these shocks may develop spontaneously, although, these painful paroxysms are often triggered by innocuous mechanical stimuli or movements (Cruccu et al., 2016) .
There are different hypotheses regarding the pathophysiology of classical TN. The first hypothesis holds that it is caused by damage to myelin in the root entry zone, which results inconsequent ephaptic transmission (Love et al., 1998) . However, demyelination does not always lead to TN, or a delay may occur after a triggering factor. Pain attacks or pain may be sustained after a triggering factor. Therefore, subsequent hypotheses have emphasized the role of central mechanisms (Obermann et al., 2007; Gorgulho, 2012) . In classical TN, hyperactivity of the trigeminal nucleus may develop. The nucleus may act as a pacemaker, or it may be activated by the disrupted GABAergic presynaptic inhibition and dorsal root reflex. The ultimate result is the accession of excessive peripheral sensory information to the suprasegmental sensory pathways (Gorgulho, 2012) . Both GABAergic fibers and cholinergic neurons in the principal sensory nucleus of the trigeminal nerve affect selective gating and play a role in modulating ascending sensory transmission in animals (Kohlmeier et al., 2006) . The cholinergic pathway is believed to originate in the pedunculopontine tegmental nucleus (PPTN), which is under autoinhibitory control. It also modulates nociception by activating descending pain-inhibition systems (Iwamoto, 1991) . Consequently, sensorimotor integration is believed to be disrupted in TN.
Prepulse modulation (PPM) is the modulation of a reflex response after a subthreshold stimulus preceding the test stimulus by a given interstimulus interval (ISI) (Graham, 1975; Hoffman and Ison, 1980; Valls-Sole et al., 1999) . In healthy subjects, PPM of the blink reflex (BR) results in a reduction of the R2 magnitude at a longer ISI (>100 ms, prepulse inhibition, PPI), whereas the R1 amplitude is increased at a shorter ISI (30-75 ms; prepulse facilitation) in healthy subjects (Ison et al., 1990; Boelhouwer et al., 1991; Rossi and Scarpini, 1992) . This is thought to reflect the filtering activity of a network between the basal ganglia and brainstem reticular formation that probably includes the PPTN (Saitoh et al., 1987; Koch et al., 1993) . In humans, deficit of PPI was shown in fibromyalgia and migraine (Kofler and Halder, 2014; Uygunoglu et al., 2017) .
Therefore, we hypothesized that the PPI would be reduced if TN involves central mechanisms and tested our hypothesis in a group of patients with classical TN.
Subjects and methods

Subjects
The study enrolled nine consecutive patients who were admitted to the tertiary care headache outpatient clinic during an episode of pain and were diagnosed with classical TN between January 2015 and August 2016, together with 14 healthy subjects. Mean age and gender distribution were similar in both groups as the influence of age and gender on PPI of BR is known (Kofler et al., 2013) . The mean ages of the patients and healthy subjects were 48.4 AE 8.1 and 40.6 AE 2.9 years, respectively (p = 0.082). There were seven (77.8%) women in the patient group and 11 (78.6%) women in the group of healthy subjects (p = 0.673). TN was diagnosed and classified according to the International Classification of Headache Disorders, third edition, beta version (IHS, 2013) . Secondary causes of TN were excluded in all patients by history, laboratory investigations and brain magnetic resonance imaging (MRI).
The study was approved by the institutional review board, and all participants gave informed consent.
Methods
The BR and BR-PPI were recorded during an attack episode using Ag-AgCl surface electromyography recording electrodes (Neuropack Σ-MEB-5504K; Nihon Kohden Corporation, Tokyo, Japan) according to standard techniques. In patients, the right and left supraorbital nerves were stimulated consecutively, and blink reflexes were recorded ipsilaterally to the stimulation, to obtain separate responses from both the symptomatic and asymptomatic side. In the healthy subjects, unilateral recordings on the right side were made after stimulating the right supraorbital nerve.
Clinical assessments
The same neurologist, a specialist in headache disorders (U.U.), examined all patients using the same assessment sheets, with regard to disease duration, duration of the last episode, medications and characteristics, localization, lateralization and triggering factors of the pain. The severity of the pain was assessed using a visual analogue scale (VAS).
Blink reflex (unconditioned, test recordings)
Recordings were obtained after percutaneous supraorbital nerve stimulation using an electrical stimulus of 0.2 ms in duration, with the active and reference electrodes positioned on the lower eyelid and lateral orbital margin, respectively. The ground electrode was placed on the forehead. The intensity of the stimulus was three times the R2 threshold (9.6-14.6 mA). Five responses were recorded at random intervals of at least 20 s. The reflex response was defined as a time-locked deflection with an amplitude of at least 50 lV from the baseline. The analysis time and sensitivity were adjusted to 20-30 ms/div and 50-200 lV, respectively. The filter settings were 3-kHz high-cut and 20-Hz low-cut.
Prepulse modulation of blink reflex
The electrode positioning, filter settings, sensitivity, and type and localization of the test stimulus were the same as those in the unconditioned BR investigations. A conditioning stimulus was applied to the median nerve at the second finger using a 0.2-ms electrical stimulus. The intensity was at the perception threshold of the second finger. Therefore, it was impossible to trigger a motor or blink response. The conditioning stimulus was applied ipsilateral to the supraorbital stimulation. The ISIs between the conditioning and test stimuli were 50 and 100 ms. The analysis time for the investigations was 20-30 ms/div. Five random trials were performed with at least 20 s between two consecutive stimuli, and the traces were averaged and rectified.
Statistical analysis
The responses were rectified and averaged. We excluded traces with superimposed blinks or preceding blinks. In the unconditioned test and conditioned recordings, the onset latencies, and peak-to-peak amplitudes of the R1 were measured using cursors placed from the time of onset until the end of the response. The R2 area under-the-curve (AUC) was calculated automatically.
The data were analyzed using SPSS 15 software statistical package (SPSS, Chicago, IL, USA).
Age and gender were compared between patients and healthy subjects using the independent samples t-test for quantitative data and the chi-square test for qualitative data with Bonferroni correction.
The latencies of the R1 and R2 responses, amplitudes of the R1 responses, and R2 AUC obtained in unconditioned recordings were compared among the symptomatic sides of patients with TN, asymptomatic sides of patients with TN and healthy subjects using the Kruskal-Wallis test.
The latencies of the R1 and R2 responses, amplitudes of the R1 responses, and R2 AUC in the unconditioned and conditioned recordings at an ISI 50 or 100 ms were compared separately within the patients with TN and healthy subjects using Friedman's test. Post hoc analysis was conducted using the Wilcoxon signed-rank test.
We calculated R2-PPI% using the following formula: R2 AUC in conditioned recordings/R2 AUC in unconditioned recordings 9 100. The R2-PPI% value was compared among the symptomatic sides of patients with TN, asymptomatic sides of patients with TN and healthy subjects using the Kruskal-Wallis test.
We also performed correlation analyses of the R2 AUC and R2-PPI% with the disease duration using Spearman's correlation test.
A p value ≤0.05 was considered significant.
Results
Clinical findings
The mean duration of TN was 4.9 AE 5.1 (range 1-16 years, median 5 years) years. Two patients had disease durations exceeding 10 years. After excluding these two patients from the analysis, the mean disease duration was 2.3 AE 1.7 years. The last pain episode started within 1 month before the electrophysiological investigation in every patient. All patients had severe paroxysmal pain with VAS scores greater than seven points. All patients had spontaneous paroxysms and paroxysms which were triggered by sensory stimuli, such as light touch or tooth-brushing. Eight patients also described concomitant facial pain and were classified as classical TN with concomitant facial pain. One patient had dolichoectasia of the vertebral artery compressing trigeminal nerve, while MRI findings were normal in the other patients. The left side was affected in three patients. Both the maxillary and mandibular branches were affected in three patients, whereas only the maxillary branch was affected in the remaining patients. Current medications were carbamazepine in five patients, carbamazepine and gabapentin in two patients, baclofen and oxcarbazepine in one patient and amitriptyline in one patient.
Electrophysiological findings
For both the supraorbital and median nerve stimulations, the patients reported VAS scores less than three points. In the healthy subjects, the VAS scores of median nerve stimulation were also very low (<3), whereas the scores for supraorbital stimulation ranged from 3 to 10 (maximum).
Blink reflex (unconditioned, test recordings)
The latencies of R1 and R2, amplitudes of R1 and the R2 AUC in unconditioned recordings were similar among the symptomatic sides of patients with TN, asymptomatic sides of patients with TN and healthy subjects. Although the R1 amplitude on the symptomatic sides tended to be reduced in patients, the difference was not significant. Table 1 shows the BR parameters for unconditioned recordings.
Prepulse modulation of the blink reflex
In healthy subjects, the R2 latencies obtained in unconditioned recordings and conditioned recordings at ISIs of 50 and 100 ms differed significantly (Friedman's test, p = 0.008). Post hoc analysis indicated that the R2 latency was significantly longer during conditioned recordings at an ISI of 100 ms compared with unconditioned recordings (Wilcoxon signed-rank test, p = 0.020). The R2 AUC obtained under the three conditions showed significant difference (Friedman's test, p = 0.000), and the R2 AUC for the conditioned recordings at an ISI of 50 or 100 ms was significantly lower than that for the unconditioned recordings (Wilcoxon signed-rank test, all p = 0.001).
In patients with TN, there was no significant difference between the conditioned and unconditioned recordings on the two sides. Although the R2 AUC tended to be lower, the difference was not significant (Table 2) , suggesting reduced PPI of the trigeminal BR bilaterally in the patients.
R2-PPI% at ISIs of 50 and 100 ms was significantly higher on the symptomatic sides of patients with TN compared with the recordings in healthy subjects (p = 0.015 and p = 0.016, respectively). There was a similar difference between the asymptomatic sides of patients with TN and recordings in healthy subjects. Fig. 1 shows a representative example in each group.
Correlation analysis disclosed no correlations between disease duration and R2 AUC or R2-PPI%. 
Discussion
Our study indicates that BR-PPI was reduced on both the symptomatic sides and asymptomatic sides in patients with TN. The BR is usually triggered after supraorbital electrical stimulation, which provides recordings of two primary responses, the ipsilateral early R1 and bilateral late R2 (Esteban, 1999) . R1 is generated in the brainstem, specifically the pons. R2 is generated by a network of multisynaptic pontomedullary connections. A third component (R3), which was previously presumed to reflect the functions of unmyelinated or small myelinated fibers transmitting pain, is thought to be related to the startle reflex to somatosensory inputs (Peddireddy et al., 2006) . Regarding the unconditioned BR, some studies found that patients with previously so-called idiopathic TN had a more frequent ipsilateral R3 component, prolonged duration (>25 ms) of R2 on the affected side, occurrence of the R1 component after stimulation of the contralateral supraorbital nerve or slightly delayed of R1 (Cruccu et al., 1990; Mikula et al., 2011) . Most studies observed mainly normal BRs (Kimura et al., 1970; Ongerboer De Visser and Goor, 1974; Cruccu and Bowsher, 1986; Liao et al., 2010) . In comparison, the nociceptive BR, on the other hand, had prolonged latencies and reduced amplitudes, suggesting impairment of the trigeminal nociceptive system due to demyelination or axonal dysfunction on the symptomatic side (Obermann et al., 2007) . Together with the pain-related evoked potentials, Obermann et al. (2007) hypothesized that this defect was located close to the root entry zone in the brainstem. We did not assess the nociceptive BR, although previous findings indicated that the large, myelinated fibers of the trigeminal nerve were intact in classical or previously so-called idiopathic TN, asreplicated in our study.
TN shares many pathogenic features with hemifacial spasm (HFS). There are two hypotheses regarding the pathogenesis of HFS: the peripheral nerve hypothesis, in which ephaptic transmission exists between nerve fibers (Nielsen, 1984a,b) , and the central or 'nucleus' hypothesis in which functional synaptic reorganization within the facial nucleus leads to a general hyperexcitability of the entire motoneuronal pool (Moller, 1991) . Studies of BR recovery demonstrated enhanced excitability of facial motoneurons and of the brainstem interneurons that mediate the BR pathway in patients with HFS (VallsSole and Tolosa, 1989) . The BR recovery differs from PPI. It reflects excitatory functions mediated by a different circuit (Valls-Sol e et al., 2004) . To our knowledge, the excitability of the BR pathway demonstrated by BR recovery has not been investigated in patients with TN. Similar to HFS, TN may also be related with suprasegmental defects, as well as to root entry zone defects.
Prepulse inhibition of BR is under the control of inhibitory interneurons. These reflect the filtering of sensory stimuli in the brainstem. In the presence of a normal unconditioned BR and an intact BR pathway, reduced PPI of the trigeminal BR clearly reveals the presence of hypoactive inhibitory interneurons and altered filtering activity during pain episodes in classical TN. As most of the studies have demonstrated a normal BR despite the presence of vascular compression and demyelination of the trigeminal nerve in classical TN, it is impossible to claim that this suprasegmental change is isolated. However, our study provides evidence of suprasegmental changes in TN similar to those in HFS, implying that the origin of the paroxysms is not an isolated root entry defect. In fact, suprasegmental changes may follow the segmental changes in a manner similar to blink adaptive systems that are thought to produce maladaptive eyelid spasms in Bell's palsy-induced blepharospasm (Baker et al., 1997) .
Together, the principal sensory nucleus and spinal trigeminal nucleus form the trigeminal sensory complex which is responsible for the transmission of pain and temperature sensation from the area innervated by the trigeminal nerve (Matsushita et al., 1982) . From this complex, efferent fibers reach specific thalamic nuclei bilaterally and ultimately project to various brain areas forming a neural network. These brain areas include the bilateral thalamus, anterior cingulate and insular and somatosensory cortices (Peyron et al., 2000) . This network can make stimuli in the oral or facial region feel painful. Any pathology in this network may be responsible for the generation of the pain paroxysms in TN. PPI is generated by an inhibitory interneuron pool and PPTN in the brainstem. Therefore, our findings suggest that there is abnormal filtering by the brainstem and the brainstem inhibitory interneuron pool or PPTN. However, a network which includes the prelimbic cortex, basolateral amygdala and ventral hippocampus modulates PPI (Rohleder et al., 2016) . The generation of this response is protected by dopaminergic neurons in the basolateral amygdala (Rohleder et al., 2016) . Consequently, the reduced PPI in TN may be directly related to the abnormal activity of the inhibitory interneuron pool or PPTN, or it may originate from the abnormal activity of the suprasegmental modulatory structures. Although the bilaterally reduced R2-PPI supports the involvement of suprasegmental structures in pain processing, the proximal origin of the lateralization of pain has not yet been identified. We believe that abnormal activity of the trigeminal nerve or its entry zone in the brainstem leads to the loss of filtering activity in the brainstem causing pain, while increased transmission transforms structures in the pain network into an autonomous pacemaker in TN, similar to that in HFS or Bell's palsy-induced blepharospasm.
In humans, there is rapidly accumulating evidence of altered sodium channel transmission in the trigeminal ganglion neurons in idiopathic TN (Siqueira et al., 2009; Tanaka et al., 2016) . Therefore, it is likely that isolated hyperexcitability of trigeminal ganglion neurons exists in some of the classical TN cases. Some authors further classify classical TN into classical TN with vascular compression and idiopathic TN without visible vascular compression on MRI (Cruccu et al., 2016) . However, this is not yet a widely accepted view, and the genetic testing required is not widely available. Although most of the patients in our study did not have a visible vascular compression, they may still be affected by such a compression as cases without visible compression on MRI have been proven to have a vascular compression at surgery.
According to the hypothesis of ephaptic transmission by vascular compression, altered modulation and filtering probably likely develop after the increased trigeminal transmission. Therefore, it may be an intermediate mechanism in the generation of symptoms. However, if TN is a channelopathy, altered modulation may be a direct pathogenic cause. Unfortunately, we cannot determine causality because that our cross-sectional study is not able to determine.
The main limitations of this study were the small number of patients and the use of oral medications for pain. The small number of patients limited the comparison of subgroups based on clinical findings. However, the patients with TN clearly differed from the healthy subjects despite the current medication use and small population size. Carbamazepine, the main drug used in our patient population, normalizes reduced PPI (Umeda et al., 2006; Flood et al., 2009) . Therefore, we do not think that carbamazepine or another medication was the cause of the reduced PPI. These findings are not specific to TN. Recently, we identified a similar loss of PPI in migraine (Uygunoglu et al., 2017) or in hemifacial spasm and postparalytic facial syndrome (Kızıltan and Gunduz, 2018) . It would be interesting to determine whether the prepulses modulated the VAS scores by prepulses in both healthy subjects and patients. Unfortunately, we did not quantify the VAS scores after the prepulse stimulation. Finally, our patient population consisted mostly of classical TN patients with concomitant persistent facial pain. This is probably related to the patient population seen in the headache unit of our clinic. Most of these patients were referred for semi-invasive treatments, as they had symptoms after various medical treatments. Therefore, additional studies comparing TN with versus without persistent facial pain may further elucidate the pathophysiology of TN.
In conclusion, there is a PPI deficit in classical TN, and the altered filtering mechanism is bilateral suggesting the presence of suprasegmental changes. Although our study may be considered a preliminary study because of the small number of patients, this topic is interesting and warrants further analysis.
